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The Jovian Ionospheric E Region 
Y. H. Kim and J. L. Fox 
State University of New York at Stony Brook 
Abstract. We have constructed a model of the Jovian 
ionosphere that includes direct photoionization of hydro- 
carbon molecules. A high resolution solar spectrum was 
synthesized from Hinteregger's solar maximum spectrum 
(F79050N) and high resolution cross ections for photoab- 
sorption by H2 bands in the range 842 to 1116 ./k were 
constructed. Two strong solar lines and about 30% of 
the continuum flux between 912 and 11i6 ./k penetrate be- 
low the methane homopause despite strong absorption by 
C!t4 and ll•. We find that hydrocarbons (mainly C2H•) 
ß re ionized at a maximum rate of 55 cm-asec -• at 320 
km above the ammonia cloud tops. The hydrocarbon ions 
produced are quickly converted to more complex hydro- 
carbon ions through reactions with CF!4, C2H2, Cs H6, 
•ud Call4. We find that a hydrocarbon ion layer is 
formed near 320 km that is about 50 km wide with a 
peak density in excess of 1 x 104 cm -a. 
Introduction 
Electron density profiles derived from the Pioneer 10 
•d 11 radio occultation data showed that the Jovian 
ionosphere is composed of a number of layers; the major 
one exhibits a density of about !05 cm -3 at an altitude 
of about 1800 km above the ammonia cloud tops (0.6 bar 
level). Up to seven secondary peaks are also present with 
maximum densities in the range 104- 105 cm -a [Chen, 
1981; Pjeldbo et M., 197,5, 1976]. The radio occultation 
experiments aboard the Voyager spacecraft have so far 
yielded information about only the topside ionosphere 
[Eshleman et al., 1979a,b]. Ionospheric models have con- 
centrated mainly on reproducing the densities and scale 
height of topside ionosphere and the main peak [Waite 
et al., 1983; McConne!! et al., 1982]. Atreya et al. [1974] 
and Atreya and Donahue [1976] proposed that the lower 
layers may be composed of long-lived metallic ions, simi- 
lar to those present in the terrestrial ionospheric E region, 
originating either from Io or from ab!ation of meteorites. 
Chen [1981] computed the heavy ion fluxes necessary to 
explain the observed ensities and the wind speeds im- 
plied by the shapes of the layers, assuming that they are 
produced by wind shear. 
Prasad and Tan [1974] constructed the first models of 
the hydrocarbon ion layers. They pointed out that CH3, 
with an ionization potential of 9.82 eV, would be ionized 
by solar Lyman alpha photons, which penetrate below 
the main ionospheric peak of H + or I-I• + ions, although 
their assumed value for the cross ection (5 x 10-•*cm •) 
h•s been criticized as too large by Strobel [1975]. The 
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models of Atreya and Donahue [1975, 1976] neglected 
direct ionization of hydrocarbons other than CHa, in- 
cluding only reactions of He +, H +, and H• + with Cll4 as 
sources of hydrocarbon ions. They estimated that pho- 
tolysis of methane contributes less than 3% of the total 
electron density. Waite et al. [1983] neglected hydrocar- 
bon ions in their model of the Jovian ionosphere, but 
Waite [1981] included photoionization of methane as well 
as CHa in his model of the ionosphere of Saturn. He found 
that CH• + and C2H• + were the most important ions, with 
maximum densities of the order of 10 s cm -a in the lower 
ionosphere of Saturn. Atreya [1986] suggested that the 
terminal ions may be larger hydrocarbon ions that result 
from ion-molecule reactions, but he felt that insufficient 
data were available to construct a model. Capone et al. 
[19771 computed the density profiles of CH• + and C•It• + 
produced by cosmic rays in the stratospheres of Saturn, 
Uranus and Neptune. 
Recently, much new data has become available on re- 
actions of hydrocarbon ions with neutral species and 
with electrons (dissociative r combination), often in con- 
nection with applications to models of the interstellar 
medium. Many of the ion-neutral reactions, including 
reactions of hydrocarbon ions with H, 1t2, and small hy- 
drocarbons have been compiled by Anicich and Huntress 
[1986]. In previous models, dissociative recombination 
reactions of hydrocarbon ions such as C•H• + were con- 
sidered to proceed with rather large rate coefficients of 
2-4 x 10 -6 cmas -• at 300 K [Atreya and Donahue, 1976• 
Waite, 198!; Strobe! and Atreya, 1983; Atreya, 1986]. 
These estimates were based partly on values measured 
in pulse radiolysis experiments in gases at relatively high 
pressure [e.g. Maier and Fessenden, 1975; Rebbert et 
1973]. Because clustering occurs at these pressures, the 
rate coefficients obtained are often considerably larger 
than those measured by other methods and should be 
considered only as upper limits [Mitchell, 1990]. 
We have included photoionization of CH4, 
C•H4, and C•H6, in addition to photoionization of CHs• 
the only source included in previous Jovian ionospheric 
models. Solar photons in the 912-110:0/i. range are ab- 
sorbed by H• in discrete transitions, mostly in the Lyman 
and Werner band systems. Consequently, although the 
photons near the centers of the lines are absorbed above 
the CH4 homopause (about 420 kin), radiation in the far 
wings of the lines penetrates more deeply, causing direct 
ionization of hydrocarbon molecules down to about 300 
kin. We show here that these production rates are signif- 
icant. 
In addition, previous models assume diurnally aver- 
aged solar fluxes to account for the rapid rotation of the 
planet (period of 9.84 hours) and the long lifetime of H +, 
which, because it is destroyed finally by radiative recom- 
bination, has a lifetime of 600 hours (about 60 Jovian 
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days) near 650 kin. The hydrocarbon ions, by contrast, 
axe destroyed ultimately by dissociative recombination, 
and the lifetime near 320 km is much shorter, about 15 
minutes. The use of half the solar flux is not appropriate 
for these ions. We have therefore computed the steady 
state distribution of ions for half the solar flux to obtain 
the H + ion densities. We then caxry out a time dependent 
calculation in which we compute the densities of the ions 
with the solar fluxes appropriate to the local time and 
latitude for a full Jovian day. The H + densities do not 
change perceptively during this time period and the hy- 
drocarbon ions approach their daytime maximum values 
shortly after noon. •le show here that a layer of hydro- 
carbon ions is produced with a total maximum density 
on the order of !04 cm -s. 
The Model 
The density profiles of H2 and I-Ie were taken from the 
model of Atreya et al. [1981], which is based on the Voy- 
ager ultraviolet stellar occultation measurements. The 
densities of CH4, C•Ha, and C2H6 were computed in the 
model, but the values at the lower boundary (200 kin) 
were taken to be those determined in the mesopheric 
model of Gladstone [1982], which is consistent with data 
obtained from the Voyager UV stellar occultation exper- 
iment [Festou et al., 1981]. We assume that the electron 
and ion temperatures are in equilibrium with the n'eut/'M 
temperature below an altitude of 2500 kin, as suggested 
by Waite et al. [1983]. 
A high resolution (0.001 .•) solar spectrum was syn- 
thesized from the F79050N solar maximum spectrum of 
I'Iinteregger [private communication; see also Tort et al., 
1979] by assuming that all solax lines except Lyman/3 
and ? axe formed at a temperature of 106 K. For Lyman 
/3 we used the measured width and shape [Lemaire et al., 
1978] and a similax profile for Lyman 7- High resolution 
cross sections for photoabsorption by Ha bands in the 
range 842 to 1116 • were constructed using a Voigt line 
shape. We include absorption in the Lyman and Werner 
bands andin the Rydberg band systems • + • B H• --* X H• + 
and B"•H• + -. X sH• +. Other higher Rydberg band sys- 
tems lie in the spectral range where the I'I atom con- 
tinuum absorption is dominant. The Ha ground state 
population is assumed to be in a Boltzmann distribu- 
tion of vibration-rotation levels characterized by the Io- 
ca! neutral temperature. The oscillator strengths, tran- 
sition probabilities, and dissociation probabilities were 
obtained from a compilation of J. H. Black [private com- 
munication; c.f. Black and van Dishoeck, 1987]. Electron 
impact ionization cross sections for H2 were taken from 
Rapp et al. [!965]. Photoionization cross sections of H•., 
He, and/5 were adopted from Backx et al. [1976], Kirby 
et al. [xo?9], and Samson [X9•6], respectively. We have 
compiled photoionization and photoabsorption cross sec- 
tions for methane, acetylene, ethylene, and ethane, in- 
cluding Samson et al. [!989] and Lee and Chiang [$983] 
for methane, Ibuki et al. [1989] for ethylene, and Hayashi 
et al. [1982] for acetylene. We have assumed that OHs is 
ionized by Lyman alpha photons with a cross section of 
1.2 x 10 -•7 crn a [Strobel, 1975]. 
The neutral hydrocarbon photochemistry was taken 
mostly from the models of Strobel [1969, 1975] as updated 
by Yung and Strobel [•980], Waite [1981] •nd Gladstone 
[1982], althougk in our calculation the neutral and ion 
chemistry are coupled. The hydrocarbon densities near 
the methane homopause are affected by inclusion of ion 
i:hemistry because ion-molecule reactions cbnvert some of 
the hydrocarbons (CH4, CaI-I2) to more complex hydro- 
carbon ions. 
Ion-neutral reactions for hydrocarbon ions with one or 
two carbon atoms were taken from the compilation 
Anicich and Huntress [1986]. Hydrocarbon ions genes. 
ally react with methane and acetylene to yield larger hy- 
drocarbon ions. The hydrocarbon ions thus formed then 
react to form even larger hydrocarbon ions. Ultimately 
these ions will be destroyed by dissociative recombina- 
tion. We have individually included hydrocarbon ions 
with one or two carbon atoms. We have included • 
larger ions in the classes C3Hn + and C4H•, and we have 
used an average dissociative recombination coefficient (•f 
3.5x10-7(300/T) ø's crnSs -•, based on the measurements 
of Adams and Smith [1988] for a mixture of CsHs + and 
C6H• +. For hydrocarbon ions for which no measurements 
are available, we assume a dissociative recombination co- 
efficient of 3x10-7(300/T) ø'• cross -x, which is similar 
to the values used currently in models of the interstel. 
lar medium [e.g. Millax et al., 1988; van Dishoeck and 
Black, 1986]. Products of dissociative recombination of 
hydrocarbon ions were deduced based on the considera- 
tions put forward by Bates [1986]. Equal branching ra- 
tios are assumed among dissociative channels. For Hs + 
recombination we have adopted a conservative value of 
2x10 -s cmSs -• at 300 K as suggested recently by ttus 
et al. [1988]. 
In order to bring the H + densities in the topside iono- 
sphere into agreement with the measurements• we ha•e 
included loss of H + in the reaction with H2(v _> 4) by •s- 
suming an effective reaction coefficient of 10 -•s cm•s-• 
which corresponds •o a vibrational temperature of 1470 
K with a rate of 2x10 -• cross -•. This value is close 
to that calculated by Cravens et al. [1987] for altitude• 
above 700 km [see also McConnell and Majeed, !987]. 
We have first solved the steady state continuity equa- 
tions for ions and neutrals, including chemical produc- 
tion and loss and transport by diffusion and eddy diffu- 
sion for neutral species and by ambipolar diffusion f0• 
ions. In the topside ionosphere• above 700 km• I-I+• 
H• +, H• +, He +, Hell +, and H were included. Below 
km, the equations were solved for 32 species, includ- 
ing H +, H• +, He +, Hs +, Het-I +, Ctt• +, CH4 +, CH• +, CH• +, 
cs+, c+, +, 
C•, C3H•, C4Hu +, CH, 1CI-I2, 3CI-I2 CH3, CH4, C•H, 
C2I-Ia, C2I-I3, C2I'I4, C2I-Is, C2H6, and H. The two re- 
gions were joined by matching the fluxes and densities 
H + H2 + I-I• + He + Hell + •nd H at the boundary. A
density dependent value of the eddy diffusion coefficient 
of K• -- 1.4 x 106(10•S/M)•/2 cmasec -• was adopted., 
where M is the total number density [cf. Atreya, !9.86; 
Waite eta!., 1983]. A magnetic dip •ngle of 45 ø is 
to represent the mid-latitude ionosphere. After obtain- 
ing the steady state densities of ions and neutrals, we 
solve the time dependent continuity equations with 
steady state densities as initial conditions over a full 
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visa day. For the time integration we use a step size of 
24.5 minutes. 
Results 
Two strong solar lines (C !II at 977.02 • and O VI at 
!031.91 ]k) and about 30% of the continuum flux between 
912 and 1116 ]i penetrate below the methane homopause 
despite strong absorption in the H• Lyman and Werner 
bands and by methane. Figure i shows altitude profiles 
of the production rates of the major hydrocarbon ions, 
with profiles of the direct production of Be + , H + and H2 +
shown also for comparison. We find that the maximum 
hydrocarbon ion production rate is about 55 cm-asec -x 
at 320 km for a solar zenith angle of 22.5 ø, which is ap- 
proximately the same as the maximum production rate 
of H2 + ions in the F region. Direct production by pho- 
toionization of four ions, C2H• +, C2H4 +, OH4 +, and C2H• +,
is larger than the production of CHa + by Lyman alpha. 
We find that ionization of acetylene is the most impor- 
taut ionization process, but that conclusion depends on 
the ratio of G•.Ht2 to CH4 above 320 km, for which no 
measurements are available. 
8OO 
-3 .-. 
400 0 • 
- 1 
t ø 200 CHa + C2H8+ CH4  C2I•+ 2 • 3 ,,,,I , ,,,,,,,I , ,,,,,,,I , ,,,,,,,i , 
o.1 1 lO lOO 
PROD. RATE (CM-aS -t)
Fig. 1. Production rate profiles of ions in the Jovian iono- 
sphere for solar maximum conditions. The solar zenith 
angle is 22.5 ø . Only the major hydrocarbon ions pro- 
duced are shown and are labeled in order of increasing 
peak production rate. The curve labeled e-H2 is the pro- 
duction rate of H• + ions by photoelectron impact ioniza- 
tion of H•. 
The resulting ion densities at local time of noon at 
22.5 ølatitude are shown in Figure 2. The total density 
of hydrocarbon ions maximizes at 320 km with a value of 
about 1.1 x !04 cm -a. These densities are significantly 
greater than those computed by Prasad and Tan [1974] 
and Atreya and Donshue [1976]. Furthermore, Gladstone 
[19'90, private communication] hasrecently pointed out 
that he density of propyne (CH3 C2I-I) may be compara- 
ble or greater than that of ethylene at 300 km. If propyne 
has a similar density profile to that of ethylene around 
320 kin, production of CH3C•H + would increase the peak 
electron density by about 15%. The lower ionospheric 
layers at mid-latitudes have been only observed by the 
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Fig. 2. Ion density profiles at a local time of noon for 
a latitude of 22.5 ø in the Jovian ionosphere for a mag- 
netic dip angle of 45 ø . The thick line represents the total 
electron density. 
for small solar zenith angles are available. It is, however, 
highly probable that part of L6 or L7 peak in the Pioneer 
10 ingress profile is due to hydrocarbon ions. Similar 
hydrocarbon ion layers would be expected in the atmo- 
spheres of all the outer planets. 
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